In this study we addressed the function of the Krebs cycle to determine which enzyme(s) limits the availability of reduced nicotinamide adenine dinucleotide (NADH) for the respiratory chain under H 2 O 2 -induced oxidative stress, in intact isolated nerve terminals. The enzyme that was most vulnerable to inhibition by H 2 O 2 proved to be aconitase, being completely blocked at 50 M H 2 O 2 . ␣-Ketoglutarate dehydrogenase (␣-KGDH) was also inhibited but only at higher H 2 O 2 concentrations (Ն100 M), and only partial inactivation was achieved. The rotenone-induced increase in reduced nicotinamide adenine dinucleotide (phosphate) [NAD(P)H] fluorescence reflecting the amount of NADH available for the respiratory chain was also diminished by H 2 O 2 , and the effect exerted at small concentrations (Յ50 M) of the oxidant was completely prevented by 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), an inhibitor of glutathione reductase. BCNUinsensitive decline by H 2 O 2 in the rotenone-induced NAD(P)H fluorescence correlated with inhibition of ␣-ketoglutarate dehydrogenase. Decrease in the glutamate content of nerve terminals was induced by H 2 O 2 at concentrations inhibiting aconitase. It is concluded that (1) aconitase is the most sensitive enzyme in the Krebs cycle to inhibition by H 2 O 2 , (2) at small H 2 O 2 concentrations (Յ50 M) when aconitase is inactivated, glutamate fuels the Krebs cycle and NADH generation is unaltered, (3) at higher H 2 O 2 concentrations (Ն100 M) inhibition of ␣-ketoglutarate dehydrogenase limits the amount of NADH available for the respiratory chain, and (4) increased consumption of NADPH makes a contribution to the H 2 O 2 -induced decrease in the amount of reduced pyridine nucleotides. These results emphasize the importance of ␣-KGDH in impaired mitochondrial function under oxidative stress, with implications for neurodegenerative diseases and cell damage induced by ischemia/reperfusion.
It has been recognized in recent years that mitochondria play a crucial role in conditions involving oxidative stress, e.g., in neurodegenerative diseases (Olanow, 1993; Beal, 1996; Gibson et al., 1998a,b) , excitotoxicity (Wang and Thayer, 1996; White and Reynolds, 1996) , and ischemia/reperfusion (Phillis, 1994; Siesjö et al., 1995; Zhang and Lipton, 1999) .
The respiratory chain is a rich source of reactive oxygen species (Boveris et al., 1972; Loschen et al., 1974; Nohl et al., 1981; Cino and Del Maestro, 1989; Dykens, 1994) , but mitochondria could also be a vulnerable target of oxidative stress (Hyslop et al., 1988; Zhang et al., 1990) . To understand the mechanisms by which reactive oxigen species have a short or long term impact on the functional integrity of cells, it is important to identify specific mitochondrial targets and to characterize processes involved in the oxidative stress-induced mitochondrial damage.
Hydrogen peroxide is a relatively mild means of inducing oxidative stress, because components of the respiratory chain are only marginally influenced (Zhang et al., 1990) , and nonspecific peroxidation of membrane lipids is not evoked by this oxidant (Tretter and Adam-Vizi, 1996) . The relevance of H 2 O 2 for modeling oxidative stress is emphasized by the fact that excessive production of H 2 O 2 is characteristic in aging brain (Sohal et al., 1994; Auerbach and Segal, 1997) and has been demonstrated in the striatum during reperfusion after an hypoxic insult (Hyslop et al., 1995) . In addition, generation of H 2 O 2 has also been suggested to contribute to the neuronal damage observed in Parkinson's disease (Schapira, 1994) .
Previous studies suggested an impaired mitochondrial function evolving in the early phase of an H 2 O 2 -induced oxidative stress, because there was a decline in the ATP level and ATP/ADP ratio in nerve terminals (Tretter et al., 1997 ) and a potentiated glutamate-induced loss of mitochondrial membrane potential (⌬⌿m) in cultured cortical cells (Scanlon and Reynolds, 1998) . Furthermore, we found that H 2 O 2 decreased the activity of ␣-ketoglutarate dehydrogenase (␣-KGDH) in nerve terminals and suggested that ⌬⌿m was reduced as a result of an impaired respiratory capacity because of an insufficient amount of NADH generated in the Krebs cycle (Chinopoulos et al., 1999) .
The aim of the present work was to address specifically the function of the Krebs cycle, and to identify the enzymes responsible for limiting the availability of NADH to the respiratory chain during an acute exposure to H 2 O 2 -mediated oxidative stress. Studying oxidative stress-induced loss of functions in in situ mitochondria in nerve terminals is relevant in the light of the observation that over the progress of certain neurodegenerative diseases, such as Alzheimer's disease, mitochondrial damage appears to start at nerve terminals (Sumpter et al., 1986 ; see also Blass and Gibson, 1991) . In this preparation a limited capacity of the respiratory chain in the early stage of an H 2 O 2 -induced oxidative stress appeared to be satisfactory under resting conditions, but when combined with other insults (mitochondrial blockers, [Na ϩ ] i load) it resulted in a complete functional collapse (Chinopoulos et al., 2000) .
We demonstrate here that aconitase is the most sensitive enzyme to H 2 O 2 in the Krebs cycle; however, inhibition of ␣-KGDH by the oxidant limits the amount of NADH available to the respiratory chain. During an acute exposure of nerve terminals to H 2 O 2 , glutamate serves as an alternative metabolite, thus NADH production in the Krebs cycle is maintained. This study, by underlying the critical role of ␣-KGDH in the impaired mitochondrial function under oxidative stress, may be relevant to neurodegeneration in which a reduced function of this enzyme appears to play a crucial role (Blass and Gibson, 1991; Mizuno et al., 1994; Gibson et al., 1998a) .
MATERIALS AND METHODS

Preparation of synaptosomes
Isolated nerve terminals (synaptosomes) were prepared from brain cortex of guinea pigs as detailed elsewhere (Chinopoulos et al., 2000) . Synaptosomes suspended in 0.32 M sucrose (ϳ20 mg /ml of protein) were kept on ice, and aliquots were used for f urther manipulation. Incubations were carried our in standard medium containing (in mM): 140 NaC l, 3 KC l, 2 MgC l 2 , 2 CaCl 2 , 10 PI PES, pH 7.38, and 10 mM glucose at 37°C as described below.
Steady-state NAD(P)H quantification
Aliquots of synaptosomes were incubated in the standard medium (0.5 mg /ml protein). The intrasynaptosomal NAD(P)H level was measured fluorimetrically in the dual emission mode of a P TI Deltascan fluorescence spectrophotometer using 344 nm excitation wavelength with emission at 460 and 550 nm (used as a reference) wavelengths. Changes in NAD(P)H concentration were quantified using a calibration curve of externally added NADH (1-3 nmol).
Determination of activities of TCA cycle enzymes
Synaptosomes were incubated in standard medium (0.5 mg /ml protein) in the presence or absence of H 2 O 2 , then aliquots were transferred into different media for enzyme assays.
Citrate synthase. C itrate synthase was measured as described by Srere (1969) . Aliquots of synaptosomes (50 g protein) were added to a medium containing 0.1 mM acetyl-CoA, 0.2 mM dithionitrobenzoic acid, 0.2% Triton X-100 (v/ v), 100 mM Tris-HC l, pH 8.0. Changes in the absorbance at 412 nm were monitored in a GBC UV/ V IS 920 spectrophotometer. After a stable baseline signal was obtained, the enzyme reaction was started with addition of 0.2 mM oxaloacetate.
Aconitase. Aconitase was assayed as described by Hausladen and Fridovich (1996) . Synaptosomal aliquots (100 g protein) were transferred to a medium containing 50 mM Tris-HC l, 0.6 mM MnC l 2 , 30 mM sodium citrate, 0.2% Triton X-100, 2 U/ml isocitrate dehydrogenase (NADP ϩ -dependent), and catalase (1 U/ml) at 37°C, pH 7.4. The reaction was initiated by addition of 0.2 mM NADP ϩ . Fluorescence was monitored at 340 nm with a GBC UV/ V IS 920 spectrophotometer. Results were calculated with E mM ϭ 6.22 for NADH.
␣-Ketoglutarate dehydrogenase. ␣-Ketoglutarate dehydrogenase was assayed essentially as described by Lai and Cooper (1986) . Aliquots (75 g protein) were added to a medium containing 0.2 mM thiamine pyrophosphate, 2 mM NAD ϩ , 1 mM MgC l 2 , 0.4 mM ADP, 10 M rotenone, 0.1% (v/ v) Triton X-100, 50 mM potassium phosphate buffer, pH 7.4, and 0.2 mM EGTA. The reaction was initiated by addition of 0.12 mM HS-CoA and 1 mM ␣-ketoglutarate. Dithiothreitol was omitted from the assay medium to prevent a possible reactivation of oxidative stress-sensitive SH groups of the enzyme. NADH fluorescence was followed as described above.
Succinate dehydrogenase. This was assayed as described by Tan et al. (1993) . Synaptosomal protein (50 g) was transferred to an assay medium containing 60 M 2,3-dimethoxy-5-methyl-6-decyl-1,4-benzo-quinone, 50 M 2,6-dichlorophenolindophenol (terminal electron acceptor), 2 M rotenone, 5 mM KC N, 1 mM EGTA, 0.2% Triton X-100 (v/ v), 250 mM saccharose, and 50 mM potassium phosphate buffer, pH 7.6, at 37°C. After preincubation for 5 min, the reaction was started by addition of 20 mM succinate. Absorbance changes were recorded at 600 nm in a GBC UV/ V IS 920 recording spectrophotometer. Enzyme activities were calculated with E mM ϭ 19.1 for 2,6-dichlorophenolindophenol.
Malate dehydrogenase. Malate dehydrogenase was measured as described by K itto (1969) . Aliquots (20 g protein) were transferred into a medium containing 10 M rotenone, 0.2% Triton X-100, 0.15 mM NADH, and 100 mM potassium phosphate buffer, pH 7.4, at 37°C. The reaction was started by addition of 0.33 mM oxaloacetate. Absorbance was monitored as described above.
Determination of NADP ϩ ϩ NADPH pool
An assay described by Nisselbaum and Green (1969) was used for NADP ϩ NAD(P)H measurements. Synaptosomes (0.5 mg /ml) were preincubated in standard medium for 10 min, then H 2 O 2 was added. Samples were treated as described (K lingenberg, 1974) . Protein samples (50 g) were added to a medium containing 3.5 U/ml glucose 6-phosphate dehydrogenase, 0.5 mM thiazolyl blue (MTT), 0.2 mM phenazine ethosulfate (PES), 50 mM Tris-HC l, and 0.5 mM EDTA, pH 7.4. Changes in the absorbance were followed at 570 nm in a GBC UV/ V IS 920 double-beam spectrophotometer at 37°C. After a stable baseline was obtained, the reaction was started by addition of 5 mM glucose-6-phosphate. E xternal and internal calibrations with known amounts of NADP ϩ were used for quantification of results.
Determination of NAD
ϩ ϩ NADH pool NAD ϩ ϩ NADH content in synaptosomes was measured as described (Bernofsky and Swan, 1973) , using a sampling method (K lingenberg, 1974) . Samples from synaptosomes (20 g protein) were transferred to an assay medium containing 0.2 mg alcohol dehydrogenase (Sigma A3263, Sigma, St. L ouis, MO), 0.5 mM MTT, 0.2 mM PES, 0.6 M ethanol, 50 mM Tris-HC l, and 0.5 mM EDTA, pH 7.8, and absorbance was followed at 570 nm (30°C) in a GBC UV/ V IS 920 spectrophotometer. E xternal and internal calibrations with known amounts of NAD ϩ were used for quantification of results.
Assay for glutathione reductase activity
For glutathione reductase assay (C arlberg and Mannervik, 1985) , aliquots of synaptosomes (0.2 mg protein) were incubated in a medium containing 0.2% Triton X-100, 0.1 mM NADPH, 100 mM potassum phosphate, and 1 mM EGTA, pH 7.4, at 37°C. After a stable baseline was obtained, reaction was started by addition of 1 mM oxidized glutathion. NADPH absorbance was measured as described above.
Determination of glutamate content of synaptosomes
The method described by Hinman and Blass (1981) was adapted to measure the amount of glutamate. Aliquots (200 l) of synaptosomes incubated in standard medium (0.5 mg /ml) were added to an assay medium containing glutamic dehydrogenase (Sigma G7882) 7.5 U per assay, 1 mM NADP ϩ , 1 mM MgC l 2 , 0.6 mM p-iodonitrotetrazolium violet, 6.5 M phenazine methosulfate, 2 mM ADP, 0.1% Triton X-100, 0.2 mM EGTA, and 50 mM Tris-HC l buffer, pH 7.8. Changes in the absorbance were followed at 500 nm (30°C) in a GBC UV/ V IS 920 spectrophotometer. Internal calibrations with known amounts of glutamate were used for quantification of results.
Statistics
Statistical differences were evaluated with ANOVA (Sigmastat) for multiple comparisons.
Materials
Standard laboratory chemicals were obtained from Sigma (St. L ouis, MO). Special peroxide-and carbonyl-free Triton X-100 (Sigma) was used throughout the experiments for disrupting synaptosomal membranes without f urther oxidative damage. BC N U was a gift from Laszlo Kopper (Department of Pathology, Semmelweis University, Budapest).
RESULTS
Effect of H 2 O 2 on the activity of enzymes in the Krebs cycle
The activity of enzymes in the Krebs cycle was investigated in the presence of H 2 O 2 , with a particular focus on enzymes working with NAD ϩ as a cofactor. Synthesis of citrate is generally regarded as the "first" reaction of the cycle catalyzed by citrate synthase, which proved to be insensitive to H 2 O 2 (Table 1) . By contrast, aconitase, which has been reported previously to be sensitive to inhibition by superoxide anion (Patel et al., 1996; Gardner et al., 1997) and nitric oxide and peroxynitrate (Andersson et al., 1998) , was inhibited by H 2 O 2 in a concentration-dependent manner (Fig. 1) . The activity of aconitase was significantly reduced to 75.5 Ϯ 4.9% of control (n ϭ 8, p Ͻ 0.05) after 5 min incubation with 5 M H 2 O 2 , nearly completely inhibited (to 13.6 Ϯ 1.27% of control) by 25 M H 2 O 2 , and completely inactivated by 50 M H 2 O 2 .
Isocitrate is converted to ␣-ketoglutarate by NAD ϩ -dependent isocitrate dehydrogenase, which in our previous study was not inhibited by H 2 O 2 applied in 100 or 500 M concentrations (Chinopoulos et al., 1999) .
␣-Ketoglutarate dehydrogenase is the second dehydrogenase in the cycle that generates NADH. As demonstrated in Figure 2a , the activity of ␣-KGDH was inhibited by H 2 O 2 in proportion to the concentration of the oxidant. Statistically significant reduction of the enzyme was observed at 50 and 100 M H 2 O 2 after incubation for 10 or 5 min, respectively, but at 500 M, incubation for 2.5 min was sufficient for the enzyme to be significantly inhibited (Fig. 2b) . It should be noted that in comparison with the effects on aconitase, higher concentrations of H 2 O 2 were required for inhibiting ␣-KGDH, and the enzyme was not completely inactivated even at 500 M H 2 O 2 present for 10 min (38.3 Ϯ 5.6% of control).
Succinate dehydrogenase present in rat liver mitochondria was reported to be vulnerable to a strong lipid peroxidative insult induced by ADP/Fe (Tretter et al., 1987) , but in heart submito-chondrial particles H 2 O 2 had no detectable effect on the enzyme (Zhang et al., 1990) . Table 1 shows that succinate dehydrogenase in synaptosomes was sensitive to H 2 O 2 . However, it is important to note that 70.8 Ϯ 3.7% of the enzyme activity was still maintained after incubation with 500 M H 2 O 2 for 10 min, whereas the activity ␣-KGDH was decreased to 38.2 Ϯ 5.6% of control under the same condition (Fig. 2b) . These results show that the extent of inhibition of this enzyme is smaller than that of ␣-KGDH at identical concentrations of the oxidant.
Malate dehydrogenase, which has a relatively high activity [see also Yudkoff et al. (1994) ] was insensitive to H 2 O 2 -mediated oxidative stress (Table 1) .
These results indicate that three enzymes are inhibited in the Krebs cycle during an acute exposure of nerve terminals to H 2 O 2 : (1) aconitase, which is the most sensitive to the oxidant, (2) ␣-KGDH, the only enzyme inhibited by H 2 O 2 that contributes directly to the formation of NADH, and (3) succinate dehydrogenase, which appears to be a less vulnerable target to H 2 O 2 than is ␣-KGDH.
Changes in the NAD(P)H fluorescence caused by to H 2 O 2
To investigate whether H 2 O 2 -mediated inhibition of enzymes in the Krebs cycle, particularly that of ␣-KGDH, could limit the amount of NADH available for the respiratory chain, we monitored fluorescence changes at 344 nm in nerve terminals. Because fluorescence of both NADH and NADPH is measured by this method, in this paper the fluorescence signals obtained are referred to as changes in the NAD(P)H level.
We have reported recently that oxidative stress induced by 100 or 500 M H 2 O 2 decreased the basal fluorescence signal, indicating a decrease in the steady-state NAD(P)H level (Chinopoulos et al., 1999) (Fig. 3, inset, trace b ). Here the effect of H 2 O 2 was investigated further by recording changes in the NAD(P)H level induced by rotenone, inhibitor of complex I (NADH/ubiquinone oxidoreductase) in the respiratory chain. Addition of rotenone (2 M) induced an abrupt increase in the fluorescence of NAD(P)H (Fig.  3 , inset, trace a, ⌬NAD(P)H ), this signal being proportional to the amount of NADH available for the respiratory chain. We found that monitoring the rotenone-induced fluorescence signal, rather than the basal fluorescence, enabled us to obtain more consistent results and better resolution of the oxidant-induced changes in the NAD(P)H level. Figure 3 (inset, trace b) shows a typical experiment in which exposure to H 2 O 2 for 5 min reduced the rotenone-induced fluorescence signal, indicating a decrease in the NAD(P)H level. The effect of H 2 O 2 in both 100 and 500 M concentrations (Fig. 3 ) was significant after incubation for 2.5 min (72 Ϯ 8.1% and 47 Ϯ 4.9% of control, respectively) and was maximal after 7.5 min (46.7 Ϯ 1.5% and 31.8 Ϯ 2.3% of control, respectively).
The decrease in ⌬NAD(P)H was proportional to the concentration of the oxidant (Fig. 4, curve a) . After incubation with 500 M H 2 O 2 for 5 min, the rotenone-induced NAD(P)H signal decreased to 34 Ϯ 0.4% as compared with control, but the effect of H 2 O 2 at 15 M was already significant (83 Ϯ 3.6%). The effect of H 2 O 2 on the NAD(P)H level in glucose-free medium H 2 O 2 has been reported to inhibit gliceraldehyde-3-phosphatedehydrogenase (Hyslop et al., 1988; Janero et al., 1993 ); thus we investigated whether a reduced NADH production in the glycolysis could contribute to the results shown in Figures 3 and 4 . For this, the effect of H 2 O 2 on ⌬NAD(P)H was investigated in the absence of glucose, using the experimental protocol shown in Figure 3 (inset). In the absence of glucose, glycolysis is unable to proceed; thus NADH is generated mainly in the Krebs cycle from alternative substrates. Synaptosomes were preincubated for 20 min in glucose-free standard medium in the presence of 5 mM 2-deoxyglucose (preventing glycolysis driven by a possible glycogen store), and the rotenone-induced elevation in the NAD(P)H fluorescence was investigated after pretreatment with various concentrations of H 2 O 2 for 5 min. In Table 2 the results are compared with those obtained in glucose-containing medium, and this shows that the effect of H 2 O 2 on the rotenone-induced NAD(P)H signal was quantitatively similar under these conditions. The presence or absence of 2-deoxyglucose made no difference in the results (data not shown). These findings indicate that nerve terminals are able to generate NADH in the absence of glucose, and this NADH generation is sensitive to H 2 O 2 -induced oxidative stress.
Pyridine nucleotide pool is unaltered by H 2 O 2
Given the observation that treatment of the P388D 1 cell line (Hyslop et al., 1988) and cardiomyocytes (Janero et al., 1993) with H 2 O 2 caused a loss of pyridine nucleotides, it was of interest to determine whether this occurs in nerve terminals contributing to the H 2 O 2 -induced decrease in the rotenone-induced NAD(P)H fluorescence. Thus, we measured the total NAD ϩ /NADH and NADP ϩ /NADPH pool in the absence and presence of 100 or 500 M H 2 O 2 . Table 3 shows that the total pyridine nucleotide pool remained unchanged in the presence of H 2 O 2 ; the small decrease observed in the NAD ϩ /NADH content at 500 M H 2 O 2 was statistically insignificant.
Inhibition of glutathione reductase partly prevents the H 2 O 2 -induced decrease in the NAD(P)H signal
In addition to catalase, glutathione peroxidase plays an important role in the brain in the elimination of H 2 O 2 (Desagher et al., 1996; Dringen et al., 1999) . Hence an increased consumption of NADPH by glutathione reductase in the presence of H 2 O 2 could contribute to the decrease in the rotenone-induced NAD(P)H signal. To test this possibility, glutathione reductase was inhibited by BCNU, which carbamoylates thiol groups of the enzyme (Becker and Schirmer, 1995) , and changes in the rotenone-induced NAD(P)H fluorescence caused by H 2 O 2 were investigated. BCNU at 200 M concentration was used in these experiments, and it almost completely inhibited glutathione reductase (86.7 Ϯ 1.4% inhibition) (Fig. 4, inset) without influencing the resting NAD(P)H level or the rotenone-induced NAD(P)H signal (data not shown). At higher concentrations of BCNU, the control and the rotenone-induced fluorescent signals were also decreased (data not shown), probably reflecting an inhibition of other enzymes, most notably lipoamide dehydrogenase (Ahmad and Frischer, 1985) . In the presence of BCNU, the effect of small concentrations of H 2 O 2 (5-50 M) on the rotenone-induced NAD(P)H signal was abolished (Fig. 4, curve  b) . The effect of H 2 O 2 at higher concentrations was also reduced after pretreatment with BCNU; however, the decrease in the rotenone-induced NAD(P)H signal remained significant in the presence of both 100 M (21.2 Ϯ 8.4%) and 500 M H 2 O 2 (35.1 Ϯ 4.2%) (Fig. 4, trace b) .
These experiments indicate that consumption of NADPH via the glutathione reductase/peroxidase system accounts for the decreased rotenone-induced NAD(P)H signal in the presence of small concentrations of H 2 O 2 (Ͻ50 M) and also contributes to that observed at higher concentrations of the oxidant. Therefore, the decrease in the NAD(P)H fluorescence induced by H 2 O 2 at 100 or 500 M concentration, which was observed in the presence of BCNU, could be taken primarily as a reflection of a decrease in the NADH level, unrelated to consumption of NADPH caused by elimination of the oxidant.
We also tried to block glutathione peroxidase by mercaptosuccinate, but the activity of glutathione peroxidase was unaltered after incubation with 10 mM mercaptosuccinate for 60 min at 37°C. This shows that even the longest incubation period (ϳ60 min) tolerated by synaptosomes without disturbance in integrity was not sufficient for the drug to gain access to the interior of nerve terminals. 
Correlation between inhibition of ␣-KGDH and decrease in NAD(P)H level induced by H 2 O 2
To establish which enzyme(s) could limit NADH production during H 2 O 2 -induced oxidative stress, the relationship between the decrease in the rotenone-induced NAD(P)H signal and the activity of ␣-KGDH and aconitase was analyzed. Only data obtained in the presence of BCNU (Fig. 4, curve b) were considered, because in these, fluorescence changes attributable to an increased NADPH consumption by glutathione reductase are not involved. Inhibition of succinate dehydrogenase was not considered, because in nerve terminals, reactions in the TCA cycle between succinate and oxaloacetate operate at a higher rate than does ␣-KGDH (Yudkoff et al., 1994) ; thus it is unlikely that succinate dehydrogenase could limit the flux in the TCA cycle under conditions in which ␣-KGDH is substantially inhibited. A lack of correlation between the activity of succinate dehydrogenase and the flux through the cycle has been reported in rat heart (Cooney et al., 1981) . Aconitase is also not a rate-limiting enzyme, but because it is very sensitive to H 2 O 2 and at higher oxidant concentrations (50 -500 M) is inactivated completely, we studied the possible contribution of aconitase to the limitation of NADH production in the TCA cycle. Figure 5 shows decreases in the rotenone-induced NAD(P)H signal as a function of percentage inhibition of ␣-KGDH and aconitase, obtained in the presence of different concentrations of H 2 O 2 (10 -500 M). This Figure indicates a lack of correlation between aconitase activity and NAD(P)H level; inhibition of the enzyme by 86.5 Ϯ 1.3% in the presence of 25 M H 2 O 2 was not associated with any alteration in the NAD(P)H signal, whereas a decrease in the NAD(P)H level was seen at high concentrations of H 2 O 2 when aconitase was completely inactivated (50 -500 M). By contrast, inhibition of ␣-KGDH in the presence of 50 -500 M H 2 O 2 appeared to correlate with a decrease in the NAD(P)H level, suggesting that inhibition of this enzyme could be a crucial factor in limiting the NADH production in the Krebs cycle during oxidative stress induced by 100 -500 M H 2 O 2 .
Decrease in the amount of glutamate by H 2 O 2
In nerve terminals it has been reported that in the absence of glucose, the flux in the Krebs cycle is partially maintained (Yudkoff et al., 1994; Erecinska et al., 1996) , most likely resulting from a supply of ␣-ketoglutarate from glutamate by aspartate aminotransferase (Yudkoff et al., 1994) .
To determine whether glutamate could be used as a metabolite under oxidative stress, we measured the glutamate content in synaptosomes. The effect of H 2 O 2 and of a glucose-free condition were similar: both resulted in a decrease in the total glutamate content (Table 4) . H 2 O 2 at 50 and 500 M concentrations decreased the glutamate level, and after 20 min, 50% of the total glutamate content was lost. At lower H 2 O 2 concentrations, the amount of glutamate was unchanged (5 M) or only slightly decreased (10 M) (Table 4) . Because glutamate was measured in samples containing synaptosomes and the medium in which the incubation was performed (see Materials and Methods), the results obtained reflect a net loss in the amount of glutamate and are unrelated to release of glutamate from nerve terminals.
These results indicate that during exposure to H 2 O 2 , glutamate in nerve terminals could serve as an alternative metabolite when Figure 5 . Relationship between inhibition of aconitase or ␣-KGDH and decrease in the rotenone-induced NAD(P)H fluorescence. Decreases in the rotenone-induced NAD(P)H signal (data in Fig. 4, curve b) are shown as a function of percentage inhibition of aconitase (derived from Fig. 1 ) or ␣-KGDH (from Fig. 2a ) as measured after incubation with H 2 O 2 for 5 min. H 2 O 2 concentrations (in micromoles) are indicated in brackets. We have shown in separate control experiments (data not shown) that BCNU at 200 M concentration has no effect on the activities of aconitase or ␣-KGDH, nor does it influence the effect of H 2 O 2 on these enzymes. Data are average of five [for NAD(P)H measurement] or eight (for enzyme assays) determinations Ϯ SEM. the normal flux in the Krebs cycle is blocked because of inactivation of aconitase. In this respect, the effect of a shortage in glucose supply and H 2 O 2 -induced oxidative stress appears to be similar.
DISCUSSION
To make a correct estimate of the H 2 O 2 -induced changes in the formation of NADH, it is crucial to establish the extent to which changes in the fluorescence of NAD(P)H represent changes in the level of NADH. The NAD-NADH/NADP-NADPH ratio in synaptosomes is ϳ10:1 (Table 3 ), in agreement with data for whole brain (Siesjö et al., 1995) and for different brain regions (Klaidman et al., 1995) ; therefore, it is reasonable to assume that fluorescence of NADPH makes only a small contribution to the total fluorescence monitored at 344 nm. In addition, in the present study the rotenone-induced increase in the NAD(P)H fluorescence was studied and could be interpreted as an indication primarily of the level of NADH available for the respiratory chain. Although this reasoning is correct, the possibility should be considered that a significant fraction of NADH could be used to regenerate NADPH when an increased demand is imposed by H 2 O 2 . This was indeed indicated by the result that inhibition of glutathione reductase by BCNU partly prevented the H 2 O 2 -induced decline in the rotenone-induced NAD(P)H signal (Fig. 4) . Thus an increased consumption of NADPH in the glutathione peroxidase-reductase system to eliminate H 2 O 2 appears to drain part of the NADH present in nerve terminals; i.e., some NADPH is regenerated at the expense of NADH. We have not addressed the mechanisms by which this could occur, but the conclusion is compatible with findings that mitochondria from rat forebrain contain NADP ϩ -dependent isocitrate dehydrogenase, malic enzyme, and nicotinamide nucleotide transhydrogenase, which contribute to the regeneration of NADPH (Vogel et al., 1999) .
The BCNU-insensitive decrease in NAD(P)H signal induced by H 2 O 2 could be taken as a reflection of changes in the NADH level that are unrelated to NADPH consumption by glutathione reductase (Fig. 4, curve b) . Because rotenone was applied to prevent oxidation of NADH in the respiratory chain, these changes could mirror primarily changes in the formation of NADH. The present results show that generation of NADH could be impaired by H 2 O 2 only when present in Ͼ50 M concentrations. Decreases in the NAD(P)H fluorescence at lower concentrations of the oxidant (10 -50 M) were completely prevented by BCNU, which could be attributed to an increased utilization of NADPH by glutathione reductase.
The question arises as to what could limit the formation of NADH during H 2 O 2 -induced oxidative stress. The result that omission of glucose (in the presence or absence of 2-deoxyglucose) in the medium had essentially no effect on the decrease in the NAD(P)H signal induced by H 2 O 2 suggests that inhibition of glycolysis by the oxidant does not contribute to the effect (Table 2) . This shows that the inhibition of glyceraldehyde-3-phosphate dehydrogenase reported previously (Hyslop et al., 1988; Janero et al., 1993) makes no contribution to the decline in NAD(P)H signal induced by H 2 O 2 in nerve terminals. Because we also found that H 2 O 2 (50 -500 M) induced no alteration in the activity of pyruvate dehydrogenase (data not shown), formation of NADH in the Krebs cycle needs to be considered in interpreting the effect of H 2 O 2 on the rotenone-induced NAD(P)H signal.
We demonstrate in this work that three enzymes in the Krebs cycle could be inhibited by H 2 O 2 : aconitase, ␣-KGDH, and succinate dehydrogenase. The overall rate of the Krebs cycle is considered to be determined by the activities of citrate synthase, isocitrate dehydrogenase, and ␣-KGDH (Cooney et al., 1981; McCormack et al., 1990; Moreno-Sanchez et al., 1990) . However, Yudkoff et al. (1994) determined in an elaborate study the flux through two segments of the Krebs cycle in nerve terminals-that between ␣-ketoglutarate and oxaloacetate and that between oxaloacetate and ␣-ketoglutarate-and established that the Krebs cycle does not always function as a single unified entity. They also suggested that the overall rate-controlling reaction of the cycle involves either citrate synthase or pyruvate dehydrogenase (Yudkoff et al., 1994) . In our study, neither of these enzymes was found to be influenced by H 2 O 2 . In this portion of the cycle (between oxaloacetate and ␣-ketoglutarate), only aconitase was vulnerable to inhibition by H 2 O 2 (Fig. 1) , showing a complete inactivation at 50 M H 2 O 2 or higher.
In the segment between ␣-ketoglutarate and oxaloacetate, ␣-KGDH is the slowest enzyme (14 Ϯ 1.2 nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 in this study) and is considered to have a flux-controlling function (Hansford, 1980; Yudkoff et al., 1994) . We found that this enzyme is inhibited by H 2 O 2 , and for this, higher concentrations of H 2 O 2 are required than those inhibiting aconitase; i.e., aconitase is a more vulnerable target for H 2 O 2 in the Krebs cycle than is ␣-KGDH. Aconitase was reported to be inactivated by O 2 Ϫ (Gardner and Fridovich, 1992; Gardner et al., 1995) , and inhibition of aconitase has been suggested to be a sensitive marker of intracellular superoxide generation in mammalian cells (Gardner et al., 1995; Patel et al., 1996) . Our finding that aconitase is inhibited by H 2 O 2 , although corroborating that this enzyme is a sensitive marker of oxidative stress (Gardner and Fridovich, 1992; Gardner et al., 1995; Patel et al., 1996) , indicates that inhibition of aconitase does not permit the identification of the type of reactive oxygen species involved in oxidative stress.
Although aconitase is not considered to be a rate-controlling enzyme and is not involved directly in NADH generation, when it is completely inactivated the whole cycle could be blocked. We found, however, that the rotenone-induced NAD(P)H fluorescence, i.e., NADH level available for the respiratory chain, was not significantly changed even when aconitase was inhibited by 100% with 50 M H 2 O 2 (Fig. 5) . In the presence of inactivated aconitase, NAD(P)H fluorescence decreased only when ␣-KGDH was also inhibited (at higher H 2 O 2 concentrations). It follows from this finding that in the complete absence of aconitase, the NADH supply for the respiratory chain can be maintained; thus a segment of the Krebs cycle must be functional.
It has been observed that in the absence of glucose the flux in the segment between ␣-ketoglutarate and oxaloacetate is accelerated, indicating that alternative substrate(s) entering at ␣-ketoglutarate could operate this portion of the Krebs cycle (Yudkoff et al., 1994; Erecinska et al., 1996) . Our finding that in the absence of glucose the NAD(P)H fluorescence was unchanged (Table 2) is consistent with this suggestion. It has also been suggested (Yudkoff et al., 1994) that glutamate, which is present at a level of 44 nmol/mg in nerve terminals (Erecinska et al., 1988) and can be converted to ␣-ketoglutarate, is the most likely metabolite fueling the Krebs cycle in the absence of glucose. We found that H 2 O 2 significantly decreased the amount of glutamate present in nerve terminals, similarly to the glucose-free condition, but only at concentrations at which aconitase was inhibited to a large extent (Table 4) . This indicates that a similar mechanism could operate under glucosefree conditions and exposure to H 2 O 2 , when aconitase is inhibited. 
